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論 文 内 容 要 旨          
A series of standardized activity experiments were performed to characterize three different 
temperature ranges of hydrogen and methane fermentation from glucose and cellulose as sole of 
different carbon sources. The mesophilic mixed culture (MMC) was able to utilize the glucose or 
cellulose to produce methane gas under mesophilic temperature, while the thermophilic and 
hyper-thermophilic mixed cultures (TMC & HMC) produced only hydrogen gas in all the 
temperature ranges. 
Depending on the results of activity test, a comparison study of hydrogen fermentation, 
methane fermentation and hythane fermentation with or without recirculation of cassava residues 
was carried out to investigate the feasibility and stability of long-term continuous operation and to 
evaluate different dark fermentation systems from waste treatment efficiency, energy recovery 
efficiency and environmental impacts under the same hydraulic retention time (HRT) of 30 days. 
Moreover, the effects of HRTs and nutrients addition also were conducted in each continuous 
system to optimize the dark fermentation. 
1. Introduction 
Nowadays, our society faces several critical problems and challenges of energy and 
environment. Simultaneous achievement of energy supply, environmental protection and economic 
growth has been required. Hydrogen and methane have been suggested as candidates for our 
future. 
A series of standardized activity experiments were carried out to characterize three different 
temperature ranges of hydrogen fermentation from glucose or cellulose as sole of different carbon 
sources (Fig. 1). Subsequently, four different systems of dark anaerobic fermentation were 
investigated under each own optimal temperature conditions with 10% TS of cassava residues as 
waste cellulosic biomass for long term operation (Fig. 2). 
2. Materials and methods 
The substrate were cellulose (Cellulose powder E, 
Toyo Roshi Kaisha, Ltd. Japan), glucose for activity 
experiments and cassava residues (a starch 
processing plant in Guangxi Province, China) for 
continuous experiment. The seed sludge was taken 
from the same mesophilic anaerobic digestion 
treatment plant. Four continuous systems are 
single-stage thermophilic hydrogen fermentation 
system (S1), single-stage mesophilic methane 
fermentation system (S2), two-stage 
thermophilic-mesophilic hythane fermentation 
system (S3) and two-stage thermophilic-mesophilic 
hythane fermentation system with recirculation (S4). 
The mixed-culture sludge can show their different 
abilities under different operational and 
environmental conditions. 
A routine laboratory analysis and the microbial 
communities by 16S rRNA gene cloning and 
sequencing were carried out. 
3. Results and discussion 
3.1 Characterization and potential of Three Temperature Ranges for Hydrogen Fermentation of 
 
Fig. 1 Design of activity test 
 
 
Fig. 2 Design of four different dark continuous 
fermentation systems 
Cellulose by Means of Activity Test and 16s rRNA Sequence Analysis (Chapter 3) 
This chapter presented a framework to improve the economic feasibility of cellulosic biomass 
energy. 16S rRNA sequences analyses showed that the cellulolytic bacteria were close to 
Enterobacter genus in the MMC and Thermoanaerobacterium genus in the TMC and HMC. 
Pedobacter and Thermoanaerobacterium showed co-metabolism effect in the thermophilic range. 
The consumption of electrons in the production of ethanol, and the possible utilization of hydrogen 
in propionate formation makes both of these reaction unfavorable in the mesophilic and 
hyper-thermophilic ranges. The experimental results could help to improve the economic feasibility 
of cellulosic biomass energy using multi-stage technology to produce hydrogen, methane and 
hythane. 
3.2 The effect of HRTs on hydrogen and acids fermentation of cassava residues (Chapter 4) 
A long-term continuous operation of hydrogen and acids fermentation from cassava residues 
was carried out to investigate the effect of HRTs on hydrogen fermentation and N-source affection 
under thermophilic temperature using a continuously stirred-tank reactor. The HRT of this system 
was set up from 30 day, 6 days to 3 day. Depending on the results from this study, we suggest that 
longer HRT can give higher TS and carbohydrate removal efficiency and the highest hydrogen 
yield of 2.38 mol H2/mol cassava residues consumed obtained under HRT of 30 days. The 
limiting-rate step in hydrogen fermentation is hydrolysis of cellulosic biomass. However, the COD 
removal efficiency in hydrogen fermentation system was too low to reach the discharge standard, 
due to high concentration of acids in effluent, so methane or two-stage fermentation should be 
studied. 
3.3 Improvement of Cassava Residues to Bio-energy Conversion Efficiency by Changing 
Single-stage Methane into Two-stage Hythane Fermentation (Chapter 5) 
Two main experimental parts were conducted, which were a continuous single-stage 
mesophilic methane fermentation under HRT of 30 days and the improvement by changing 
single-stage into two-stage hythane fermentation under the same HRT. The COD removal 
efficiency in two-stage hythane fermentation was 74.8%, which increased 6.2% comparing with 
that in single-stage methane fermentation. The first-stage works as pretreatment process. The 
continuous two-stage hydrogen-methane fermentation of cassava residues can effectively improve 
energy production and waste reduction. 
3.4 The Effects of Hydraulic Retention Time and Nutrients on Continuous 
Thermophilic-mesophilic Two-stage Hydrogen-methane Fermentation of Cassava Residues 
with Recirculation (Chapter 6) 
The continuous hythane fermentation of cassava with 1:1 recirculation ratio was conducted 
under different HRTs (200, 100, 50, 37.5 and 30 day). Moreover, N-source addition in continuous 
experiment of hythane fermentation and nickel, cobalt and sulfur affection on repeated batch 
experiments and continuous experiment of methane fermentation were carried out. The hythane 
fermentation of cassava residues under continuous operation without the addition of nutrients 
resulted in an unstable performance for long-term operation, which was characterized by a radical 
decrease in the methane production along with a drop in the methane content. The results of the 
repeated batch experiment and continuous experiment demonstrated the sufficient nutrients 
addition can recover and enhance hythane fermentation effectively. 
4. Conclusion (Chapter 7) 
The comparison study on four different systems pointed out that two-stage hythane 
fermentation of cassava residues with recirculation was the optimal system, which was able to 
keep stability of high waste treatment efficiency and energy recovery efficiency with low 
environmental impacts. 
For future work, researchers should deeply study the environmental/operational factors for 
continuous reactor in order to match industrialized scale. Due to cellulose is hard to hydrolysis; the 
pretreatment of cellulosic biomass also should be the direction of future studying. Other real 
cellulosic wastes, such as waste paper, rice straw, and cornstalk should be used in continuous 
reactor, to examine the effectiveness. 
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論文審査結果の要旨 
 
今日、われわれは地球規模のエネルギー・環境問題に直面し、エネルギーの安定供給、環境保全、経済成長の同
時達成が求められている。キャッサバは中南米原産のイモノキ(Manihot)属の根茎類であり、過去30年間において、
世界のキャッサバ収量が倍増して、2.91億トンになった。一方、アジア地域ではキャッサバは工業用でん粉の生産と
バイオ燃料の原料として利用されているので、セルロースとヘミセルロースを多く含むキャッサバ廃棄物の処理が
問題となっている。本研究は水素とメタンの複合的発酵技術を組み合わせることにより、セルロース系廃棄物から
バイオエネルギーを創ることは目的として、4つのシステムを比較した。本論文は以下の通り７章から構成される。 
第1章「序論」では、本研究の背景、研究の目的、意義についてまとめ、本論文の構成について述べた。 
第 2 章「既往の研究現状および研究課題」では、まず世界のエネルギー現状と再生可能エネルギーの発展動向を
まとめた。次に、キャッサバ廃棄物の特性と利用状況を調査し、水素、メタン発酵の基本的原理に関する従来の知
見をまとめた。また、キャッサバ廃棄物を対象とした嫌気性発酵技術の既往研究を調べて、特に単相発酵と二相発
酵の問題点及び最新研究動向を総説した。その上でキャッサバ廃棄物の嫌気性発酵に関する比較研究について考察
し、本研究の位置づけを定め、対象課題を抽出した。 
第 3章「活性実験と微生物分析を用いた 3つの温度範囲下におけるセルロースの水素発酵特性とポテンシャルの
評価」では、セルロースから嫌気性水素発酵の最適温度条件の検討を行った。活性実験と16S rRNA解析を通して、
微生物群集構造と代謝活性に及ぼす培養温度の影響を検討した。結果として、中温域においてメタン生成に適して
35℃にメタン生成活性が最大になるのに対して、高温域において水素生成活性が高くなり、55℃の時に最大となる
ことが明らかになった。 
第 4 章「長期運転条件下におけるキャッサバ廃棄物の水素・酸発酵および水理学的滞留時間の影響」では、混合
細菌系を用いて、HRTを 30日、6日、3日と変化させて、キャッサバ廃棄物を基質とした水素発酵の連続実験を行
い、固形物の分解、細菌の増殖、水素やその他の代謝物の生成に及ぼすHRTの影響を明らかにした。加水分解は発
酵の律速段階であって、水素回収のための最適HRTが見出された。 
第 5 章「セルロース系キャッサバ廃棄物からバイオエネルギー転換効率を向上するための単相メタン発酵と二相
ハイタン発酵特性の比較研究」では、混合細菌系を用いてHRTを30日に設定し、二相ハイタン発酵連続実験を行い、
その結果を中温単相メタン発酵の結果と比較し検討を加えた。二つシステムのキャッサバ廃棄物の分解、バイオガ
スの生成、代謝産物の組成、COD物質収支、水素転換率を比較し、二相ハイタン発酵は単相メタン発酵より優れて
いることを明らかにした。 
第 6 章「二相循環式水素・メタン発酵プロセスにおける水理学的滞留時間及び栄養塩の影響」では、二相循環式
発酵プロセスによるキャッサバのハイタン発酵を行った。プロセスの安定性を明らかにするため、HRTを 200日、
100日、50日、37.5日、30日と段階的に変化させて連続実験を行い、バイオガス生成量と組成、基質の分解や代謝
物としての揮発性脂肪酸（VFA）の生成、CODのマスバランスの変化を把握した。また嫌気性発酵に関する細菌の
代謝、増殖や活性を保つため添加が必要であるニッケル、コバルト及び硫黄の量を決定した。 
第7章「総括及び結論」では、本研究で得られた成果を総括している。 
 
以上ようするに、本研究は、セルロース系キャッサバ廃棄物からバイオエネルギーを生成するために、まず最適
の水素とメタン発酵温度を把握した上で、4つの連続発酵システムを比較し、廃棄物の分解率、エネルギーの回収率
などの総合検討により最適なシステムは二相循環式ハイタン発酵であることを明らかにした。本論文の成果は有機
性廃棄物の処理およびバイオエネルギーの生産に貢献し、環境科学の発展に寄与するものであると評価できる。 
よって、本論文は博士(環境科学)の学位論文として合格と認める。 
 
